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There is a need to make medical diagnosis available to critically ill patients on-site, without the necessity of time-consuming and risky transportation to larger reference hospitals. The teleconsultation of medical images is possible with the use of Internet-based TeleDICOM software developed in Krakow, Poland. Interactive consultation between two or more centers offers real-time voice communication, visualization of synchronized Digital Imaging and Communications in Medicine images, and use of interactive pointers and specific calculation tools. If direct interaction between physicians is not needed, the system can also be used in "offline" mode. In 2006, TeleDICOM was successfully deployed in the John Paul II Hospital in Krakow as well as a dozen other cooperating medical centers throughout southeast Poland. It is used for routine referral for cardiosurgical procedures. Aims of the study were to evaluate the image quality, software stability, constant availability, data transmission speed, and quality of realtime synchronized viewing of the images during the TeleDICOM teleconsultation; to evaluate the clinical utility of the TeleDICOM system; and to analyze the compatibility of TeleDICOM with the storage data formats of various imaging machine manufacturers. The analysis of angiographic offline teleconsultations was based on 918 patients referred remotely for coronary artery bypass grafting (CABG). The echocardiographic teleconsultations were performed during 63 live interactive consultations, several of them were presented to live during medical conferences. Measurement tools of the TeleDICOM software were tested against original measurement tools of echocardiographic machines from four different manufacturers. As a result of TeleDICOM consultation, a CABG decision was made in 806 of 918 patients consulted (87.8%). In remaining 12 patients, medical therapy or percutaneous angioplasty was recommended. CABG was performed in 98.6% of the admitted patients. Treatment decisions were changed after admission in 1.4% of patientshowever, in all cases, it was not related to analysis of angiography data but rather to the change of clinical condition of the patients. All medical personnel involved in both offline and interactive teleconsultations judged the system positively in all assessed aspects. Lesser scores were observed only in the centers connected by slower networks. Measurements performed in the ECHO-TeleDICOM module were accurate as compared with those performed on a standard echo-machine (correlation r > 0.980, p G 0.001), independently of the echocardiograph model. Conclusion: This study demonstrates that telemedicine can improve patients' management using a clinically effective teleconsultation system. The TeleDICOM system is suited for professional use in the field of cardiovascular disease. It is also prepared for remote live demonstrations of clinical cases during large medical meetings.
INTRODUCTION
E xpert consultation has been a key element of medical knowledge development and deci-sion making for ages. In modern times, consultation is frequently needed for interpretation of diagnostic images. This is particularly important when dealing with rare diseases (e.g., congenital anomalies) or complex multidisciplinary conditions that require special management. The Internet has become one of the most important communication tools, and its role in different fields of medicine is increasing. The Digital Imaging and Communications in Medicine (DICOM) is the international standard for distribution and presentation of medical images acquired from various diagnostic machines. DICOM is widely used in hospitals and is becoming more and more available to smaller medical institutions. There is a need to make diagnostic and therapeutic interventions available to critically ill patients on-site, without the necessity of time-consuming and risky transportation to larger reference hospitals. Nowadays, many small cardiology units perform cardiac catheterization procedures or echocardiographic examinations far from the reference cardiosurgery centers. Experienced cardiologists can solve most of the problems of hospitalized patients locally. In particular cases, however, consultation with a cardiosurgeon is mandatory for optimal decision making. This includes referral for urgent or elective cardiosurgical procedures rather than performing locally high risk or nonoptimal endovascular interventions, dealing with complications requiring surgical backup, etc. The availability of teleconsultation can help to make adequate decisions, which can decrease the time to intervention or avoid unnecessary transportation of inoperable patients. Teleconsultation of medical cases should resemble the face-to-face conversation between physicians looking at the same images, showing each other the important aspects of the examination. Additionally, a group of doctors should be able to participate in the consultation session instead of merely two. Performing detailed measurements of calibrated images should be available to all participants of teleconsultation (Table 1) .
Specialized teleconsultation software has been designed and implemented at the Department of Computer Science of AGH University of Science and Technology in Krakow, Poland. Various telemedical applications have been developed at the department since 2001. TeleDICOM has benefited from the experience gained at AGH and has been designed to meet the requirements listed in Table 1 .
TeleDICOM was implemented using the socalled thick-client architecture. Communication between the noninteractive client and the server is rather simple-the client merely downloads the consultation data and uploads the diagnoses using the data channel. The interactive mode uses three additional channels: voice, session synchronization, and chat. Each channel is a point-to-point link between the client application and a TeleDICOM server (Fig. 1) . During the interactive session, when many clients are linked to it concurrently, the architecture transforms to the star topology, as presented in Figure 2 . This architecture fits the structure of the contemporary Internet very well, accommodating many private and/or firewalled networks. One of the requirements of TeleDICOM was its efficient operation over public, even lowbandwidth links.
Each of the communication channels requires a different approach. To be able to handle network errors, data sent via a data channel are fragmented into chunks and reassembled on the both link ends. Therefore, the transfer can be stopped or even aborted at any time, and the application is able to transparently reconnect and resume the transmission later. The channel is cryptographically protected to prevent outside interception or modification of data. To efficiently convey voice data, we used a standard approach based on the H.323 protocol umbrella with RTP/UDP/IP encapsulation. This intensive but requires only 15 kbps). The session synchronization and chat channels have been implemented using their own raw-socket protocol for optimal interactivity. Access to the system is restricted and requires a valid account configured by the system administrator. On the server side, image data are stored on the RAID disk (regularly backed up), and the consultation metadata is stored in the database.
The program can be used for interactive consultation between two or more centers, allowing for real-time voice communication, visualization of synchronized DICOM images, and use of interactive pointers and specific calculation tools (Figs. 3 and 4). If direct interaction between physicians is not needed, the system can also be used in "offline" mode. In such a case, the requested teleconsultation can be done by the consultant on the basis of medical documentation and DICOM images, and the reply can be sent to an ordering physician at a later time. One of the important challenges was to obtain instantaneous synchronization of the high-quality DICOM images and cine-loops on the remote computers. As DICOM files are relatively big, the timeconsuming Internet transfer would cause significant delays making the interaction of consulting physicians difficult. To overcome this limitation, the DICOM datasets are transmitted to a central server from which they are automatically downloaded to the workstation in the reference center before the consultation begins. During the teleconsultation, the Internet communication is used only for synchronization of the images, voice communication, and sharing pointers and calculation tools. Therefore, during teleconsultation, the data flow between participating centers is minimized and does not cause significant delays in synchronization of the displayed images. Time spent by teleconsulting physicians is optimized even if the Internet network is relatively slow. The TeleDICOM system is compatible with all DICOM modalities, but we Axiom Artis angiography systems. Travel distance between hospitals and the reference center ranged from 83 to 242 km.
Angiographic teleconsultations were performed in the "offline" mode: patient data and proposals/ questions regarding patient management were sent to the reference center via fax. The technician in the referring center transferred the complete angiographic DICOM data from the angiography system (using a CD-ROM) to a standard, Internetconnected PC computer and then loaded into the TeleDICOM system. Based on the patient data and the visualized angiography, the cardiac surgeon in the reference center decided on the optimal management of the patient: CABG, percutaneous coronary intervention (PCI), or conservative treatment. In patients remotely qualified to CABG, the teleconsultation decision was reviewed after admission to the reference center by reviewing their angiography recorded on CD-ROM and once again analyzing the current clinical information. Using the data from the TeleDICOM central server, transmission time of the DICOM datasets to the reference center, errors related to data transmission, and time the that network or server was unavailable were analyzed. The number of program malfunctions reported to the system administrator was also analyzed.
Image quality, software speed, and stability during the consultation were analyzed by cardiac surgeons in the reference center. Software stability, availability, transmission time, and user satisfaction were also analyzed by technicians and physicians from each of the reference centers.
The echocardiographic teleconsultations were performed in the years 2006 to 2010 during 63 live interactive consultations using the ECHOTeleDICOM system: 4 in the local hospital network of John Paul II Hospital, 17 between John Paul II Hospital and the AGH Department of Computer Science, and 42 teleconsultations (2-7 for individual centers) between John Paul II Hospital and cardiology departments in Krakow, Nowy Sacz, Tarnow, Lodz, Warsaw, Szczecin, Stalowa Wola, Zakopane (Poland), Dresden (Germany), Lyon (France), Chicago (USA), and Glasgow (United Kingdom). Five simultaneous connections between four centers and two simultaneous connections between 13 physicians were realized. The maximum distance between teleconsultation centers was 7,600 km (KrakowChicago; Fig. 5 ). All physicians involved in echocardiography teleconsultations were asked to score quality of images, interactive pointers, and voice transmission as well as assess the system usefulness in clinical practice. Seven echo-teleconsultations were performed during Echocardiography Workshops in Krakow in front of audiences each consisting of more than 200 physicians. The doctors could view and hear the teleconsultation and direct questions to the remote consultant. In 3 of the workshops, 723 questionnaires assessing the quality of this presentation were obtained from participating physicians and subsequently analyzed. Ethics committee approval was obtained before beginning research involving human subjects or clinical information.
To test the measurement tools of the ECHOTeleDICOM module, DICOM images recorded on the following standard echo-machines were analyzed: SEQUOIA C512 (Siemens Accuson, Malvern, PA, USA), VIVID-7 (GE Vingmed, Pittsburgh, PA, USA), Aplio (Toshiba, Tustin, CA, USA), and SONOS 7500 (Philips, Andover, MA, USA). At least 10 different measurements and calculations were performed in each imaging modality; distance, area, and volume using the Simpson method were recorded in 2D imaging; distance, time, and slope for M-mode; maximal and mean gradient and speed as well as time, velocity time integral, pressure half time, and mitral valve area for both continuous and pulsewave Doppler. At least 110 measurements were performed on each echocardiograph; recorded datasets were transferred using CD-ROM to computer and sent to ECHO-TeleDICOM. All measurements were repeated using ECHO-TeleDICOM measurement tools. Measurements performed on the echo-machines with the data obtained using ECHO-TeleDICOM measurement tools were then compared, and a correlation coefficient was calculated. Statistica software (Statistica ver. 8, Statsoft, Polska) was used for statistical analysis.
RESULTS
The first installation of TeleDICOM software took 2 to 3 h depending on hospital network configuration. Usually, local network firewall settings had to be adjusted in cooperation with the local system administrator. The average learning time for software use by medical personnel was about 10 min.
Mean angiography datasets volume was 159.3± 49.3 MB, and the average number of clips per teleconsultation was 9.3. Mean transmission time before teleconsultation was related to referential hospital network capacity and was 7.2±6.8 min at a mean network speed of 6,875±1,225 kb/s and 58.7±25.2 min at mean network speed of 248.4± 56.9 kb/s ( Table 2 ). Mean dataset volume of echocardiographic study was 56.0±17.1 MB, and transmission time ranged from 5 to 45 min depending on network speed. All DICOM data from angiography systems and echocardiographs were adequately received and instantaneously available during teleconsultation. There were no malfunctions of the central server reported over the 15 months of study time; however, there was one severe physical network failure lasting approximately 24 h that prohibited John Paul II Hospital from connecting to the Internet.
As a result of TeleDICOM consultation, a CABG decision was made in 806 of 918 patients consulted (87.8%). Medical therapy was recommended in 58 cases (6.3%) and 49 patients (5.3%) underwent percutaneous coronary angioplasty at the remote medical center, while 5 patients (0.5%) were admitted to the reference center for left main evaluation by intravascular ultrasound or percutaneous coronary angioplasty requiring on-site cardiac surgery backup. Out of 806 patients qualified for CABG, 770 patients (95.5%) arrived at the department of cardiovascular surgery, while 36 patients (4.5%) did not accept the surgical treatment. CABG was performed in 759 (98.6%) of the admitted patients. Treatment decisions were changed after admission in 11 of 806 patients (1.4%); however, in all cases, it was not related to analysis of angiography data but rather to the clinical condition of the patients or to additional diagnostic test results. In case of urgent teleconsultations, the cardiosurgeon on duty was called at the necessary moment and data transfer ensued immediately. The result of these 13 urgent teleconsultations was received in the referring center 20 to 60 min (41±16 min) after each consultation was ordered. The 905 elective teleconsultations were done each workday morning by consulting cardiosurgeon and cardiologist. The orders sent from the peripheral hospitals during previous 24 h (72 h during weekends) were ready for review by local computers. After the meeting, elective teleconsultation results were sent back to the referring center by 9:00AM. Thus, the time that passed between ordering and receiving the results of elective teleconsultation depended not on the Tele-DICOM system but on the consultant's schedules.
All medical personnel involved in teleconsultations judged the system positively in all assessed aspects. The results of this evaluation are presented in Tables 3, 4 , and 5. Lesser scores were observed only in the centers connected by slower networks.
Measurements performed in the ECHO-Tele-DICOM module were accurate as compared with those performed on a standard echo-machine (correlation r90.980, pG0.001), independently of the echocardiograph model (Table 6 ).
DISCUSSION
The presented teleconsultation system is composed of a DICOM viewer and the Internet-based platform allowing for fully interactive, real-time teleconsultation, thus bringing together geographically distant physicians. The software also includes accurate measurements and calculations tools for standard echocardiographic examinations.
Transmission time is related to data volume and network parameters. Due to the fact that the program allows data transmission before consultation, network speed is not essential for elective consultations; however, a high-speed network is required for emergency consultations. The real-life connection speed was relatively low in several remote centers; this illustrates the difficulties that can be experienced when implementing telemedicine systems in countries with a relatively poor Internet infrastructure (like in central and eastern Europe). Nevertheless, this problem did not cause difficulties in TeleDICOM system performance (the interactive mode requires at least 100 kb/s, but the noninteractive mode has no minimum threshold). Anyway, this problem will soon be resolved as Internet systems consistently evolve.
At the time the system was developed and tested, the only way to load the DICOM data to the Scoring scale: 1-very poor, 2-poor, 3-fair, 4-good, and 5-excellent system was to a copy a CD-ROM previously burned by the angiographic or echocardiographic systems. The source DICOM machines were not equipped with network connectivity-this option required additional costs, which were not justifiable to many hospitals in Poland (as no network infrastructure existed at that time). Today's systems allow data transfer without the use of CD media. DICOM image quality and program stability help to enable therapeutic decisions. The software is intuitive, is easy to install, and can be used without significant costs. It can optimize a patient's management without the need to transport the patient for consultation at the reference center. The system is also able to display current and old images of all DICOM modalities from the same patient, increasing the amount of data available to physicians.
During the testing phase, signed documents containing clinical data had to be transmitted between hospitals via fax due to legal restrictions. The TeleDICOM system provides the option of uploading and transferring clinical data so paper documents are technically not necessary.
Positive opinions from physicians who have used the system support the thesis that teleconsultation in cardiology has unlimited potential. The number of TeleDICOM teleconsultations is increasing; by the end of 2009, over 1,500 referral cases had been consulted in this fashion. Moreover, many new medical centers have joined the network since our survey was taken (Fig. 5 ). In addition, the system allows the sharing of medical experience not only between individuals but also on a collective basis (e.g., large medical conferences). Interactive remote case analysis was successfully presented many times to audiences consisting of several hundred physicians. The system is being improved by further optimizing the graphic interface and adding reporting tools.
CONCLUSION
This study demonstrates that telemedicine can improve patients' management using a clinically effective teleconsultation system. The TeleDICOM system is suited for professional use in the field of cardiovascular disease. It is also prepared for remote live demonstrations of clinical cases during large medical meetings. 
